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Abstract 
Titanium foams of relative density in the range 0.35 – 0.50 are tested in quasi-static 
compression, tension and shear. The response is ductile in compression but brittle, and 
weaker, in shear and tension. Virtual foam microstructures are generated by an algorithm 
based on Voronoi tessellation of three-dimensional space, capable of reproducing the 
measured size distribution of the pores in the foam. Finite Element (FE) simulations are 
conducted to explore the mechanical response of the material, by analysing the elasto-plastic 
response of a statistical volume element (SVE). The simulations correctly predict the ductile 
compressive response and its dependence on relative density. 
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1   INTRODUCTION 
 
Titanium-foams are strong, stiff and biocompatible; as such, they are a candidate material for 
prosthetics and bone replacement (Hutmacher 2000, Ashworth et al. 2014) and several 
authors have investigated different cellular materials for use in medical implants (e.g. (Eppley 
and Sadove 1990, Karageorgiou and Kaplan 2005) (Navarro et al. 2008), (Arabnejad Khanoki 
and Pasini 2012), (Markaki et al. 2003)). The foam investigated in this study was obtained by 
sintering of a fine mixture of pure Ti powder, a polymeric binder and a foaming agent 
(titanium hydrate) as described in (Lefebvre et al. 2006); this is an effective technique capable 
of producing metallic foams of controlled microstructure, to suit the particular application; for 
example, functionally graded foam components can be manufactured for porous bone 
substitutes (Davies and Zhen 1983, Niu et al. 2009). 
 
Several authors have provided measurements of the mechanical properties of Ti foams (e.g. 
(Zhu et al. 2000, Ryan et al. 2006, Imwinkelried 2007, Siegkas et al. 2011)) but while 
abundant data is found on the compressive response of these foams, tensile and shear tests 
data are scarce. 
 
The geometry of open-cell foams such as the Ti foams investigated in this paper is complex 
and difficult to generate and mesh for FE analysis. Commercial software packages are 
available, able to reproduce digital foam geometries from x-ray micro-tomography (XMT) 
scans of the real material (Sitek et al. 2006). In this study we focus on generating realistic 
foam microstructures of controllable geometry. The foam features are statistically controlled 
and their effect on the macroscopic elasto-plastic response of the material is investigated 
using FE simulations. Several authors have generated virtual foam geometries and simulated 
their mechanical response. (Shen et al. 2006) simulated the response of foams with spherical 
pores occupying up to 15% of the space; the microstructures were obtained by progressively 
expanding the spherical pores, starting at random seeding points, until the desired relative 
density was reached. Predictions matched the experiments, for the foam investigated. 
(Borovinsek and Ren 2008) modelled high porosity lattice structures (relative density 
0.03 0.12ρ = ÷ ) using Voronoi tessellations. The foams were subjected to quasi static and 
  
 
 
dynamic loading, but no direct comparison with measurements were made. (Vesenjak et al. 
2008) modelled open cell foams with 0.16 0.37ρ = ÷ , examining the influence of a viscous 
fluid within the foam upon strength and energy absorption. The structure was modelled as a 
regular network of interconnecting cylinders. (Demiray et al. 2006) modelled open cell foams 
consisting of a body-centred cubic package of tetrakaidecahedral cells. The study concluded 
that the microstructure has a strong effect upon the hardening response of the foam. (Hohe 
and Becker 2003) studied the mechanical behaviour of two-dimensional, low-density 
honeycombs and foams and proposed a homogenisation strategy based on strain energy. 
(Singh et al. 2010) tested Ti foams of porosity 51-78 % and numerically modelled their 
response; the foam geometry was obtained by direct X-ray micro-tomography and a 
commercial meshing package. The meshed microstructures were very close to the observed 
ones but simulations were computationally very expensive. FE predictions however differed 
substantially (up to 40 %) from the measurements. Continuum models for porous materials 
have also been developed, e.g. (Gibson and Ashby 1997), based on a hexahedral lattice unit-
cell, or (Fleck et al. 1992, Ashby et al. 2000), based on arrays of bonded metal powder 
particles. 
 
In this paper we report measurements of the compressive, tensile and shear responses of a 
sintered Ti foam and compare these with numerical predictions. The measured tensile and 
compressive responses of the foam’s parent material are used as input for the numerical 
models. These models are used to explore the yield surface of the material. The outline of the 
paper is as follows: in the next Section we describe the laboratory measurements, while in 
Section 3 we present the algorithms for generation of the virtual foams and the details of the 
FE simulations. We proceed to compare and discuss experiments and FE predictions in 
Section 4. 
 
 
2   EXPERIMENTS 
 
2.1   Materials 
The foam investigated in this study was produced by a powder sintering route making use of a 
polymeric binder and a foaming agent. For further details of the manufacturing of this foam, 
  
 
 
as well as previous measurements in quasi-static and dynamic compression, please see 
(Lefebvre et al. 2006, Siegkas et al. 2011, Siegkas et al. 2012). In brief, metallic Ti powder 
was mixed with powder of a polymeric binder and a foaming agent, obtaining a flowable dry 
mixture. Application of mild heat lead to foaming of the polymeric binder; the heat was then 
increased to medium levels to obtain pyrolysis of the binder; finally the temperature was 
increased sufficiently to cause sintering of the metallic powder, optionally accompanied by 
application of pressure. 
 
Figure 1 shows SEM micrographs of two different materials at three magnifications. The first 
material (left) was obtained by sintering of pure Ti powder, with binder and foaming agent 
absent, therefore this represents the parent material of the cellular solids considered in this 
study. It is evident from the micrographs that such parent material is not fully dense due to 
incomplete sintering of the powder particles, leaving pores of diameter of approximately 
10 μm.  
 
The second foam (right) was obtained including a binder and a foaming agent; this led to 
creation of large pores, in addition to those left by the incomplete sintering of the parent 
material. Therefore these foams have a hierarchical structure and porosity of two levels: a 
micro level ( ~10 μm pores) and a macro level (pores of the order of 100 μm ). 
 
2.2   Mechanical tests  
To measure the compressive response of foams and parent material, cylinders of diameter 
11 mm and height 13 mm were forced to deform in uniaxial compression by a pair of 
lubricated loading platens. The compressive force was measured by a resistive load cell, while 
the specimen shortening was measured by a laser extensometer. The specimen deformation 
was recorded with a video camera in order to measure the Poisson ratio via digital image 
correlation (DIC) (Jumpasut 2009). 
   
Tensile tests were conducted on flat foam specimens of dog-bone geometry, machined from 
rectangular, prismatic foam samples to have gauge length 8 mm, width and thickness of 5 mm 
and shoulder radius of 12 mm. Specimens were clamped by mechanical grips and loaded at 
  
 
 
quasi-static rates of strain by a screw-driven machine in displacement-control. The tensile 
force was measured by a resistive load cell and the elongation of the sample was measured by 
a high resolution camera and accompanying image analysis. For the tests on the parent 
material a cylindrical dogbone sample was used and a strain gauge rosette was adhered to the 
specimen. 
 
Shear experiments were performed on prismatic specimens of foams with an I-shaped cross-
section; these were designed to induce plastic shear deformation only in the web of the I-
beam, while the flanges remained elastic. The web of the I-shaped cross-section, representing 
the gauge section of the specimen, had a height and width of 3 mm, whereas the specimens 
length was 45 mm to ensure a large depth-to-height ratio, in order to minimise edge effects. 
The thickness and width of the I-beam flanges were 4 mm and 23 mm, respectively. The web 
was connected to the foam flanges by fillets of radius 1 mm. The I-beam was sandwiched 
between two steel plates and adhered to these by application of a structural epoxy adhesive; 
the plates were connected to a screw-driven test machine by pins, and the machine was 
operated in compression mode, reducing the spacing between the pin-joints and applying a 
compressive force on the sample, resulting in a shear action on the I-shaped foam core (note: 
preliminary experiments performed in tension mode led to delamination of the steel plates 
prior to yielding of the specimen). A non-contact laser extensometer was employed to record 
the relative displacement between the two steel plates of the I-beam; more precisely, the 
extensometer measured the component of such relative displacement along the axial direction 
of the specimen, thereby determining the engineering shear strain xyγ  as the ratio of the 
measured displacement to the height of the web of the I-beam (the component of the relative 
displacement along the transverse direction was assumed to be negligible).  
 
This I-shaped shear test setup was preferred over the more conventional Arcan test for a 
number of reasons. First, the available blocks of foam materials (of dimensions of 
approximately 15 x 30 x 60 mm) were too small to machine Arcan-type test specimens. We 
chose not to pursue the construction of a miniature Arcan apparatus because of the additional 
difficulties in fastening the specimen: the material investigated was difficult to drill through 
and had relatively low compressive strength, preventing clamping by high contact pressure. 
The use of adhesives to connect the specimen to the test rig was not possible for the Arcan 
  
 
 
fixture, due to the geometry of the test specimen, but it was possible by using I-shaped test 
specimens, due to the arbitrarily large ratio imposed between the width of the flanges and the 
width of the web of the I-beam, representing the specimen’s gauge portion. Use of the I-beam 
specimen also allowed maximising the length to height ratio of the specimens’s gauge 
portion, reducing substantially end effects on the measured response. 
 
2.3   Measured response and failure modes 
Figure 2a presents the uniaxial compression and tension response for the parent material of 
the cellular solids, shown in term of true stress versus plastic strain histories. Note the 
tension-compression asymmetry in the plastic response, in line with what reported in the 
literature for metals of low porosity (the relative density of the parent material is 0.9). The 
measured Young Modulus was 95-100 GPa and the elastic Poisson ratio was 0.3. In tension 
the material fractured at a tensile strain of 0.13 while in compression the response proceeded 
with no visible fracture up to a plastic strain of 0.3, at which the tests were interrupted. The 
insert of Fig. 2a presents SEM micrographs of the fracture surface of the tensile sample; the 
fracture plane was approximately perpendicular to the loading direction and the material 
showed evidence of micro-plasticity and void coalescence initiated at the small pores (of 
diameter ~10 μm ) present in the parent material. 
 
Figure 2b presents the measured compressive response for a foam of relative density 
0.36ρ = . Note that this is expressed as history of true stress versus true plastic strain; 
analysis of the video footage allowed measurement of the transverse strain in the foam 
samples, from which the history of the specimen cross-sectional area was calculated. While 
the nominal stress versus strain curve (not shown in Fig. 2b) is monotonically hardening, the 
true stress versus strain curve attains a peak at plastic strain 0.1≈ . Softening continues until a 
plastic strain of 0.7 is achieved; at larger strains, densification of the material induces 
hardening in the response. Formation of microcracks was observed in the tests at a 
compressive strain of approximately 0.2. The initial Poisson ratio of the foam was 0.12; this 
increased progressively to 0.24 when the true compressive plastic strain was 0.3, as a 
consequence of the reduction of the foam porosity, as reported in (Siegkas et al, 2011). The 
insert of Fig. 2b presents photographs of the specimen subject to different plastic strains; 
  
 
 
small cracks are visible at an imposed plastic strain of 0.2. In-situ SEM tests, not reported 
here, revealed that the response of the foam was governed at the early stages by plasticity, 
leading to deformation and flattening of the pores; at compressive macroscopic plastic strains 
of order 0.1 occasional micro-cracks were observed, revealing initiation of fracture 
mechanisms and in line with the measured macroscopic stress softening. At strains of order 
0.2, cracks were visible on the surface of the specimens and their orientation was 
predominantly vertical. 
 
Figure 2c presents a comparison of the true stress versus strain response in tension, shear and 
compression, for a foam of relative density 0.36. In tension the material shows permanent 
strains at stresses as low as 20 MPa, terminating the elastic response ( )13GPa, 0.12E ν= = ; 
this initial yield is followed by a strain hardening phase and early brittle fracture at a tensile 
strain of order 0.5%, corresponding to a tensile strength of 40 MPa. Observation of the 
fracture surface revealed that specimens had failed by a normal crack propagating both 
through the powder particles and the sintering necks. The insert of Fig. 2c shows a tensile 
foam specimen soon after ultimate failure. 
 
In shear ( )5.2 GPaG =  the response was stronger than in tension, with yield point at 30 MPa 
and a strength of 50 MPa. The compressive response of Fig. 2b is reproduced in Fig. 2c for 
comparison. The tensile and shear tests were repeated 3 times and measurements were 
affected by scatter of approximately 15% in both failure stress and failure strain. Each 
specimen had a different relative density, with average 0.36 and range 0.34-0.37. The shear 
specimens displayed an initial elasto-plastic response, corresponding to macroscopic stress 
hardening; at very low strains small cracks were visible on the surface of the specimen, 
oriented at angles ranging from 0 to 45º on the longitudinal direction of the I-shaped 
specimen. Ultimate failure was by sudden propagation of these cracks, which split the web of 
the I-beam specimen in two parts. The curves shown in Fig. 2c are representative of the 
general trend, with the compressive response stronger than the shear and tensile responses.  
 
Figure 2d shows SEM micrographs of the fracture surface of a shear specimen; microscopy 
observation reveals that cracking of the cell walls of the foam occurred by propagation of 
  
 
 
micro-cracks both through the junction between sintered powder particles as well as through 
the Ti powder particles themselves. Similar microscopic fracture mechanisms were observed 
for the tensile and compressive specimens. 
 
2.4   X-ray micro-tomography 
Small circular cylinders made from the Ti foam, of diameter and height of 5 mm, were 
analysed by a Skyscan X-ray tomography system, in order to directly observe the three-
dimensional porous microstructure. The scanner had spatial resolution of 9 μm and it could 
not detect the micro-porosity observed in the material (see Fig. 1); on the other hand it could 
easily detect the macro-porosity left by the binder and foaming agent. The X-ray scans were 
used to measure the size distribution of pores in the Ti foams as detailed in (Siegkas et al. 
2011). 
 
3   NUMERICAL METHODS 
 
3.1   Generation of a virtual foam 
Virtual foam geometries were created using a method based on Voronoi tessellation; this is a 
method by which space can be subdivided in cells (Voronoi 1907) starting from a distribution 
of seed points; such tessellation satisfies the property that every point inside a cell is closer to 
the seed point contained in the cell than to any other seed point. In 3D the Voronoi 
tessellations produce polyhedra, of size and shape depending on the density and position of 
the initial seed points. 
 
The measured probability density function of the pore size, measured by X-ray tomography, 
was discretised by introducing a finite number of bins (typically 4 or 5); then, Voronoi 
tessellations of different sizes, corresponding to the average sizes of the bins, were generated 
(see Fig. 3). Appropriate numbers of polyhedra (or cells) were flagged as pores in each of the 
Voronoi tessellations, to obtain a set of pores of different sizes and Voronoi shape. The pores 
in this set were then located randomly in the space occupied by the virtual foam sample, to 
obtain a microstructure statistically representative of the pore size distribution. Further details 
on the microstructure generation procedure can be found in (Siegkas et al, 2014). 
 
  
 
 
In mathematical terms, a number of bounded volumes iX  (Voronoi cells from different seed 
point distributions) form a set i( )Χ = ∪Χ . The set X  is bounded by an external surface B
(the envelope of the foam specimen), enclosing a volume BV ; such volume has non-zero 
intersection with each of the elements of set X , i.e. BiX 0V∩ ≠ . The virtual foam specimen 
is then defined as 
 B i( )VΥ = − ∪Χ  (1) 
and this logical operation is represented in Fig. 3. The ratio between the volume of the pore 
set and that of the foam specimen is chosen to give the desired relative density and pore size 
distribution, as measured by X-ray tomography. Foams of different porosity were virtually 
generated by keeping the volume of the pore set constant and adjusting the size of the 
specimen. 
The volume of the specimen was chosen as the minimum volume able to contain a 
distribution of pores statistically representative of the measured probability density. We note 
at this point that this volume (a cube of side length in the range 0.7-1.5 mm) is not a 
representative volume element but rather a statistical volume element as it is associated to 
intrinsic scatter, as it shall be discussed below. 
 
The size of individual pores was controlled by the number of seed points randomly placed 
within a certain volume. When placing the Voronoi pores within the space of the foam 
specimen, a distance-based proximity criterion was employed in order to limit the overlap of 
adjacent pores. As pores have irregular shape, their equivalent diameter was used (the 
diameter of a sphere of equivalent volume); the proximity criterion was based on the distance 
between the seed points of adjacent pores. 
 
An iterative process had to be followed to achieve the target porosity within a certain 
tolerance, since (i) pores could cut the specimen boundaries and (ii) some adjacent pores can 
partially overlap, resulting in a loss of total porosity (note: overlapping is necessary to create 
open cell microstructures). In brief, at each iteration the current porosity was calculated and 
compared to the target value; the sign and magnitude of the difference between these two 
values was used to determine the parameters for the following iteration. The process 
  
 
 
terminated when this difference was found below the desired threshold (typically 5%± ). The 
space between the cubic specimen and the set of pores was then meshed using predominantly 
hexahedral finite elements with linear shape functions. 
 
The Voronoi cells (pores) intersecting the boundary of the specimen space often had sharp 
corners and extended outside the cube. The quality of the tessellation was improved by 
considering a larger cubic specimen than needed, so that Voronoi cells at the edges of this 
larger specimens could be ignored. A combination of software packages was used to produce 
the virtual foams, as schematically summarised in Fig. 4. The Voronoi polyhedrals were 
created using Matlab  (MathWorks 2004) and exported as a shell mesh in LS Dyna format 
(LSTC 2007) (.key file extension); the confining specimen cube was also created in LS Dyna-
Prepost. Specimen and pore sets were imported in Ansa Beta CAE (Ansa 2007), which 
provided a solid mesh to be used in Abaqus (Hibbitt and Sorensen 2001). The size of the 
resulting meshes ranged between 38000-83000 elements. 
 
The proposed method has great flexibility and can produce both open- and closed-cell cellular 
solids of different relative density, ranging from very high to very low; if necessary, the 
method can give foams of graded porosity, as shown in Fig. 5a for illustrative purposes. 
Figure 5b shows two meshes for a Ti foam of medium porosity; the mesh on the left is 
virtually generated while the mesh on the right is obtained directly from the X-ray 
tomography. The obtained microstructures are very similar. It has to be noted that the 
resolution of the X-ray tomography equipment was of 9 μm , therefore this measurement 
technique could not capture the micro-porosity present in the material. For a given specimen 
size and relative density, meshes produced from the X-ray scans required typically a number 
of FEs at least 50% greater than that required to mesh virtual foams; this was due to the 
higher geometric irregularity of the X-ray scans compared to virtual foams. Some level of 
operator input was required to interpret the X-ray scan data; the main required input consisted 
in setting an appropriate density threshold to use in the production of binary scan data.   
 
In this paper we present FE simulations conducted only on virtual, open-cell Ti foams of 
medium porosity, as sketched in Fig. 5a. While simulations can also be conducted on FE 
  
 
 
meshes directly obtained from X-ray tomography, we focus here on predictions of the 
response of virtually-generated foams. 
 
3.2  Finite Element simulations 
Simulations of the quasi-static response of the Ti foams were conducted in Abaqus. 
Prescribed displacements were applied to the faces of the cubic specimen, progressively 
ramping their value; the ratios of displacements imposed on the different faces were chosen to 
probe the yield of the material in compression, tension and shear. A self-contact algorithm 
was imposed on all surfaces of the virtual foam sample, including the internal surfaces of the 
pores, in order to simulate pore crushing and the consequent densification. To enhance 
convergence of this algorithm, an explicit integration scheme was employed, by running 
mass-scaled simulations in Abaqus Explicit. The virtual foam specimen was meshed with the 
linear (constant-stress) hexahedral and tetrahedral elements of Abaqus Explicit. Despite the 
explicit scheme, the simulations were computationally expensive, mainly due to the complex 
contact algorithms. Simulations with 100,000 nodes up to strains of order 0.1 required 
approximately 10 hours on a PC with an Intel i7 processor.  
 
3.2.1  Constitutive model for the parent material 
As detailed above, the parent material of the Ti foams had porosity of around 0.1, with evenly 
distributed pores of size around 10 μm  caused by incomplete powder sintering. The parent 
material should, strictly, be modelled as a plastically compressible solid. The Gurson model 
(Gurson 1977, Tvergaard 1981, Simulia 2009) is able to capture the response of compressible 
solids of small porosity. Two preliminary FE simulations were conducted on the compressive 
response of a certain realisation of a Ti foam specimen, to determine the effect of the 
constitutive model used for the parent material (namely, Gurson model and standard J2 
incompressible plasticity (Mises 1913, Hill 1998)) upon the macroscopic response; the 
corresponding macroscopic compressive stress versus strain responses are shown in Fig. 6. 
The two constitutive options for the modelling of the parent material gave similar predictions 
of the compressive response of the foam; this is due to the relatively low volumetric strains 
experienced by the parent material during loading. For simplicity it was decided to use J2 
plasticity, in the FE simulations, to model the constitutive response of the parent material. 
  
 
 
This model was calibrated against the measured compressive response of the parent material 
presented in Fig. 2a. 
 
3.2.2  Boundary conditions 
Several authors use periodic boundary conditions to simulate the response of unit cells and 
RVEs, however this approach requires the unit cell to be geometrically periodic, which is not 
the case for the virtual foams generated here. The approach followed in the simulations was to 
constrain the faces of the cubic specimen of virtual foam to remain planar during deformation. 
This constraint has an effect approaching that of periodic boundary conditions for the case of 
a representative volume element much larger than the main microstructural features. 
 
Six rigid plates were modelled adjacent to each of the faces of the cube, and a surface-to-
surface contact algorithm was implemented between these plates and the faces of the 
specimen; in this algorithm we selected the option not to allow separation after contact. In a 
preliminary simulation step, all plates were displaced towards the specimen by a small 
amount and then these displacements were removed. Such step was used to establish the 
contact. Then, appropriate displacement rates were applied to each face in order to simulate 
the desired loading. For example, in order to obtain a plane-strain shear deformation, a 
compressive displacement of magnitude 0u  is applied along direction x (on faces 
perpendicular to direction x) while tensile displacements of the same magnitude are applied 
along direction y; displacements along the z direction on faces perpendicular to z are 
constrained to vanish. This approach guarantees that all faces remain planar, making easier to 
apply the loading and to analyse the simulation results. 
 
3.2.3  Mesh convergence 
To determine the minimum element size to make the predictions mesh-insensitive, a series of 
simulations of the compressive response of a Ti foam were conducted, progressively refining 
the mesh. Preliminary simulations revealed that the microstructures were statistically 
isotropic. In Fig. 7 we plot, for a selected foam realisation, the maximum Von Mises stress in 
the model as a function of the element size (at a compressive strain of 0.03); convergence is 
achieved at element sizes less than 0.03 mm (recall that pores have diameter of order 
0.1 mm). This mesh density corresponds to 50000 nodes per cubic millimetre of parent 
  
 
 
material. A mesh of a cubic specimen of 5 mm side would therefore comprise 2500000 nodes, 
making simulations prohibitively expensive. The use of a statistical volume element of side 
around 1 mm reduces the number of nodes by more than one order of magnitude; on the other 
hand the predicted response is associated to an intrinsic scatter, which requires performing 
repeated simulations. 
 
 
4  RESULTS AND DISCUSSION 
 
Typical stress/strain responses predicted by the FE simulations are shown in Fig. 8, presenting 
uniaxial and hydrostatic loading cases in both tension and compression, for one realisation of 
a virtual foam specimen. As expected, despite the absence of any damage model, a softening 
behaviour is predicted in tension while monotonic hardening is seen in compression; this is 
due to the substantial change in density of the foam as it undergoes plastic deformation. We 
note that simulations predict a tension/compression asymmetry but this is not as pronounced 
as observed in experiments. This is due to the fact that modelling of material damage is absent 
in the simulations. We also note that plasticity is activated in the simulations at the very early 
stages of the response due to the geometric stress concentrations in the foam structure. This 
represents a problem for the practical application of these materials as irreversible processes 
may be activated during service.  
 
Figure 9 shows measurements and predictions of the compressive flow stress of foams of 
different relative density, at a compressive strain of 0.05. The predictions were obtained 
generating realisations of Ti foams of different relative density and loading each of these in 
uniaxial compression, at a strain rate of 0.01 /s; the value of the flow stress at a compressive 
strain of 0.05 was recorded and is plotted in Fig. 9 as a function of the relative density; the 
graph includes corresponding measurements from compressive tests and these are in good 
agreement with the predictions. The straight line represents a best fit of a power-law 
expression through the experimental data. Clearly, the simulations can predict the scaling of 
the compressive strength with relative density and confirm the experimental finding that the 
strength of this foam scales with the relative density via a power-law of exponent 2.05.   
 
  
 
 
We now examine the multi-axial yield response of the foam, by plotting the equivalent Von 
Mises stress and the hydrostatic stress at a maximum applied principal strain of 0.05. 
Predictions for two foams of different density are presented in Fig. 10 and are compared to 
experiments. The plot is obtained by conducting FE simulations at different ratios of 
hydrostatic to deviatoric strain, by prescribing appropriate displacement histories; for each 
simulation, a relevant stress component is plotted against the maximum imposed macroscopic 
principal strain, in order to identify the value of stress at which the principal strain achieves 
value of 0.05; the Von Mises and hydrostatic stresses corresponding to a principal stress equal 
to 0.05 are plotted in Fig. 10; note that at an applied strain of 0.05 the foams had typically 
exceeded the macroscopic yield point and displayed substantial permanent deformation. Due 
to the irregularity of the statistical volume element used, and the associated slight anisotropy, 
the value of triaxiality (ratio of hydrostatic to Von Mises stress) obtained change slightly with 
every realisation of the foam’s microstructure; simulations were repeated a minimum of 3 
times for every target triaxiality in order to assess the scatter on the yield surface. Fig. 10 
includes simulated yield surfaces conducted on two different foams densities and their 
comparison suggests that the yield surface of the material, of vaguely quadratic shape, grows 
in a self-similar fashion with increasing relative density. A slight tension/compression 
asymmetry of the response is predicted, and simulations capture the compressive response but 
overestimate the strength in shear and tension. This is due to the fact that in both tension and 
shear this porous material displays a brittle behaviour governed by microscopic damage 
mechanisms, activated by tensile components of stress, which are not modelled in these 
simulations, which are therefore unable to predict fracture of the material. The 
implementation of an ad-hoc damage model for these foams and its calibration against 
carefully conducted experiments is left as a topic for future studies. 
 
The scatter in the FE predictions of strength is of 30%±  for the specimen considered, of size 
0.7 mm; this can be reduced to 8%±  if a specimen of size 1.4 mm is employed. Increasing 
the volume of the specimen from 0.35 to 2.75 mm3 corresponds to an increase in the number 
of nodes in the simulation from 40000 to 85000. 
 
 
  
 
 
5  CONCLUDING REMARKS 
 
We reported measurements of the quasi-static response of sintered Titanium foams in 
compression, tension and shear, and of the response of the foam’s parent material in tension 
and compression.  
 
We described the implementation of an algorithm to generate stochastic volume elements of 
the foams microstructures, representative of the geometric complexity of these irregular 
foams and of the statistical distribution of pores; we analysed such microstructures by 
performing FE simulations in Abaqus, calibrating the constitutive material response against 
measurements on the parent material. 
 
Meshing of real foam geometries requires X-ray scanning and advanced meshing algorithms 
as well as processors for the scan data; obviously this process can only be applied to existing 
materials. Conversely, the proposed method of virtually generating the foams microstructures 
only requires commonly available software and can be applied to virtually prototype different 
foams microstructures, allowing estimating the material properties prior to manufacturing. 
Optimisation algorithms can be used in conjunction with the proposed model to search for the 
optimal pore distribution to maximise a certain mechanical property of the foam, against the 
constraint of a given relative density. Appropriately sieved mixtures of polymeric binder 
particles can then be used to confer the desired, optimal structure to the porous metal network 
forming in the real foam. We leave this as a subject of future studies. 
 
The simulations correctly predicted the elastic behaviour and the compressive strength of 
foams of different relative densities, and were employed to explore the yield surface of the 
material; this appeared broadly quadratic, with a slight asymmetry between the tensile and 
compressive strength. Comparison to the measured multi-axial response of the foams showed 
that the simulations over predict the tensile and shear strength of these brittle foams, due to 
the absence of a model accounting for the damage in the wall material; the implementation 
and calibration of such a model is left as a topic for future investigations. 
 
  
 
 
From the point of view of computational efficiency, the statistical volume elements simulated 
only required a number of nodes of order 100,000; on the other hand, in order to capture the 
large-strain response of the material it was necessary to implement numerically expensive 
self-contact algorithms, to capture the collapse of the pores and the consequent densification; 
with these self-contact algorithms present, the running time of each simulation on a standard 
i7 processor was of the order of 20 hours; this running time could be reduced by a factor of 10 
by switching off the contact models, which still allows reasonable predictions of the elastic 
response and of the initial yield, but not of the post-yield behaviour. 
 
The computational approach described in this study, while relatively expensive 
computationally, correctly predicts the mechanical response of the foams considered and can 
be used effectively to prototype new porous solid materials of optimal microstructure.  
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FIGURES 
 
 
 
Fig. 1.  SEM micrographs of high relative density ( 0.91ρ = , left, parent material) and low-
density ( 0.45ρ = , right, cellular solid) foams at two different magnifications. Micro-pores of 
diameter around 10 μm are seen in the parent material; in addition to these, macro-pores of 
diameter on the order of 100 μm or greater are observed in the low-density foam. 
Consolidation  (i.e., the degree of sintering between powder particles)  is higher for the parent 
material than it is for the cellular solid (Siegkas et al, 2011). 
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Fig. 2. 
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Fig. 2.  ((a) Measured stress versus strain responses of the parent material (?̅? =0.9) in uniaxial 
tension and compression; SEM micrographs of the tensile fracture surface; (b) uniaxial 
compressive response of a foam of relative density 0.35ρ = , and photographs of the 
specimens at different applied plastic strains; (c) comparison of the tensile, shear and 
compressive responses for the same foam as in (b); insert shows photograph of a tensile 
specimen at ultimate failure. (d) SEM micrographs of the fracture surface of a shear 
specimen (top-right corner); details of cracked locations are magnified in the 
remaining frames; the thin arrows indicate fractured regions. 
(c) 
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Fig. 3.  Graphic representation of the method used to create virtual foams. Top: sets of 
Voronoi cells of different size are created and randomly placed in the specimen space. 
Bottom: the set of all pores is subtracted from the specimen’s volume (Siegkas et al, 2014). 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 4.  Modelling steps and corresponding software packages.  
 
 
 
 
 
 
  
 
 
Fig. 5.  (a) Examples of microstructures generated, including open- and closed-cell foams of 
adjustable or non-uniform porosity. FE simulations were conducted on medium-porosity, 
open-cell Ti foams; (b) Meshes of a Ti foam of relative density 0.46 ρ = ; left: virtually 
generated foam; right: mesh obtained from X-ray tomography (Siegkas et al, 2014). The side 
length of the microstructures shown was 1.4 mm; simulations were conducted only on 
virtually generated foams.. 
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Fig. 6.  Predicted uniaxial compressive response of a selected realisation of a Ti foam 
microstructure, with relative density 0.36; predictions of two simulations are shown, with the 
parent material modelled via Gurson plasticity or incompressible plasticity. 
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Fig. 7.  Mesh convergence study; the maximum Von Mises stress is plotted as a function of 
the element size for the case of compressive loading on a Ti foam (at a compressive strain of 
0.03). All simulations were conducted on the same realization of the virtual foam geometry. 
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Fig. 8.  Predicted responses of one realisation of a virtual Ti foam in uniaxial and hydrostatic 
tension and compression. 
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Fig. 9.  Measured and predicted compressive flow stress (at a compressive strain of 0.05). The 
straight line is a power-law fit through measured data by (Siegkas et al, 2011). 
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Fig. 10.  Measured and predicted yield surface of two Ti foams of relative density 0.36 and 
0.49. Simulations can capture the compressive response of the foam but over-predict the shear 
and tensile strengths due to absence of damage model. Stress values are shown at a maximum 
applied principal strain of 0.05ε = . 
